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(57) ABSTRACT

A three-dimensional thermoelectric energy harvester and a
fabrication method thereof. Low-resistivity silicon is etched
to form a plurality of grooves and silicon columns between
the grooves, and an insulating layer is formed on a surface of
the groove, and thermoelectric columns are fabricated by
using a thin-film deposition technique, so that the thermoelec-
tric column and a neighboring silicon column form a thermo-
couple pair; and then, a metal wiring is fabricated by pro-
cesses such as etching and deposition, followed by thinning
of the substrate and bonding of the supporting substrates,
thereby completing fabrication of the three-dimensional ther-
moelectric energy harvester. Fabrication of the thermocouple
pair structure by one thin-film deposition process simplifies
the fabrication process. The thermocouple pair using silicon
ensures a high Seebeck coefficient. The use of vertical ther-
mocouple pairs having a column structure improves the
mechanical stability of the thermoelectric energy harvester.
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1
THREE-DIMENSIONAL THERMOELECTRIC
ENERGY HARVESTER AND FABRICATION
METHOD THEREOF

CROSS REFERENCE TO RELATED PATENT
APPLICATION

The present application is the US national stage of PCT/
CN2012/073533 filed on Apr. 5, 2012, which claims the
priority of the Chinese patent application No.
201210048653.8 filed on Feb. 28, 2012, which application is
incorporated herein by reference.

BACKGROUND OF THE PRESENT INVENTION

1. Field of Invention

The present invention relates to the semiconductor field,
and specifically to a three-dimensional thermoelectric energy
harvester and a fabrication method thereof.

2. Description of Related Art

With the development of the Internet of Things, its appli-
cations in the industrial, commercial, medical, consumption
and military fields are gradually expanded. Power source is
always critical to prolonging the service life and reducing the
cost of the Internet of Things. In environmental extremes or
other occasions unreachable to human beings, or when a
network node moves or changes, it is difficult or even impos-
sible to replace a battery, making it crucial to effectively
provide energy to a node of the Internet of Things. An effec-
tive solution is to harvest ambient energy through energy
harvesting, store the energy and provide the energy to the
node of the Internet of Things. Temperature difference is
widely present in the external environment. Therefore,
energy harvesting using the temperature difference in the
environment has been extensively studied.

A vertical-type miniature thermoelectric energy harvester
as shown in FIG. 1 is currently commonly used, because the
direction ofheat flow is perpendicular to the substrate, and the
thermoelectric energy harvesting efficiency is high. Upper
and lower substrates exchange heat with the external environ-
ment, and transfer an external temperature difference to a
thermopile, and the thermopile converts the temperature dif-
ference in the external environment to a voltage signal by
using the Seebeck effect and outputs the voltage signal,
thereby harvesting external energy. Since thermocouples are
arranged perpendicular to the substrate, a planar semiconduc-
tor process cannot be adopted, and instead, the thermocouples
are generally fabricated by an electroplating or thin-film sput-
tering deposition process. Current vertical-type thermoelec-
tric energy harvesting chips generally adopt a BiTe-based
material or a metal material such as Cu or Ni as the thermo-
electric material. Since the metal material such as Cu or Niis
a conductor structure having a small Seebeck coefficient,
thermoelectric energy harvesting chips fabricated by using
the metal material such as Cu or Ni as the thermoelectric
material generally have low efficiency. Since the BiTe-based
material is a semiconductor structure having a high Seebeck
coefficient, thermoelectric energy harvesting chips fabricated
by using the BiTe-based material generally have high effi-
ciency. However, the BiTe-based material requires a high
cost, and contains toxic substances, which limits the use of
BiTe thermoelectric energy harvesting chips. In addition,
since the composition of a thermocouple requires two ther-
moelectric materials, the vertical-type thermoelectric energy
harvester generally needs to be subjected to two electroplat-
ing or thin-film sputtering deposition processes in order to
fabricate a thermocouple material, which further increases

10

15

20

25

30

35

40

45

50

55

60

65

2

the cost of the thermoelectric energy harvesting chip. More-
over, the fabrication efficiency of the vertical-type thermo-
electric energy harvester is low, because the thermoelectric
energy harvester is thermally and mechanically connected to
the upper and lower substrates through chip-level bonding.
In view of the above reasons, it is necessary to provide a
low-cost, high-efficiency thermoelectric energy harvester.

SUMMARY OF THE PRESENT INVENTION

In view of the disadvantages in the prior art, a purpose of
the present invention is to provide a three-dimensional ther-
moelectric energy harvester and a fabrication method thereof,
so as to solve the problems of high fabrication cost, low
fabrication efficiency and low energy harvesting efficiency of
thermoelectric energy harvesters in the prior art.

In order to accomplish the above and other purposes, the
present invention provides a method for fabricating a three-
dimensional thermoelectric energy harvester, at least com-
prising: 1) providing a silicon substrate, and etching an upper
surface of the silicon substrate to form a plurality of grooves,
two neighboring of which are arranged at an interval, so that
the grooves and regions for preparing silicon columns
between the grooves form a thermopile region; 2) forming an
insulating layer on a surface of the groove, and then filling a
thermoelectric material in the grooves to form a plurality of
thermoelectric columns, so that the thermoelectric column
and silicon in a neighboring region for preparing a silicon
column form a quasi thermocouple pair; 3) fabricating an
upper metal wiring to connect the thermoelectric column and
silicon in the region for preparing a silicon column in a same
quasi thermocouple pair, and then fabricating an upper pas-
sivation layer on the upper surface of the silicon substrate; 4)
providing an upper supporting substrate, and bonding the
upper supporting substrate to the upper passivation layer; 5)
thinning the silicon substrate until a lower surface ofthe quasi
thermocouple pair is exposed; 6) fabricating a lower metal
wiring to connect the thermoelectric column and silicon in the
region for preparing a silicon column in two neighboring
quasi thermocouple pairs, and then fabricating a lower passi-
vation layer on a lower surface of the silicon substrate; 7)
etching the silicon substrate to form an annular groove in a
periphery around the thermopile region, so as to isolate sili-
con in the regions for preparing silicon columns from the
silicon substrate to form a plurality of silicon columns, so that
the thermoelectric column and a neighboring silicon column
form a thermocouple pair; and 8) providing a lower support-
ing substrate, and bonding the lower supporting substrate to
the lower passivation layer, thereby completing fabrication of
the three-dimensional thermoelectric energy harvester.

In the method for fabricating a three-dimensional thermo-
electric energy harvester consistent with the present inven-
tion, the thermoelectric column and the silicon column are
rectangular column structures or cylindrical structures.

As a preferred solution of the method for fabricating a
three-dimensional thermoelectric energy harvester consistent
with the present invention, the step 7) further comprises a step
of filling an electrical and thermal insulating material in the
annular groove.

As a preferred solution of the method for fabricating a
three-dimensional thermoelectric energy harvester consistent
with the present invention, the bonding process in the step 4)
is wafer-level hermetic bonding, and the bonding process in
the step 8) is wafer-level vacuum bonding.

As a preferred solution of the method for fabricating a
three-dimensional thermoelectric energy harvester consistent
with the present invention, the upper supporting substrate and
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the lower supporting substrate each comprise a CMOS circuit
structure, the upper passivation layer and the lower passiva-
tion layer each are etched to form a contact hole, and the
CMOS circuits are connected to the upper metal wiring and
the lower metal wiring through the contact holes.

In the method for fabricating a three-dimensional thermo-
electric energy harvester consistent with the present inven-
tion, the thermoelectric column is made of a BiTe-based
material, a polysilicon material, or metal Cu, Nior Au, and the
silicon substrate is a low-resistivity silicon wafer.

The present invention further provides a three-dimensional
thermoelectric energy harvester, at least comprising:

a thermopile, comprising: a plurality of thermocouple
pairs, wherein each of the thermocouple pairs is formed by a
first thermoelectric column and a second thermoelectric col-
umn; an insulating layer, combined between the first thermo-
electric column and the second thermoelectric column and
between the thermocouple pairs; an upper metal wiring, con-
nected to upper surfaces of the first thermoelectric column
and the second thermoelectric column in a same thermo-
couple pair; and a lower metal wiring, connected to lower
surfaces of the first thermoelectric column and the second
thermoelectric column in two neighboring thermocouple
pairs;

passivation layers, comprising: an upper passivation layer,
combined to an upper surface of the thermopile; and a lower
passivation layer, combined to a lower surface of the thermo-
pile; and

supporting substrates, comprising: an upper supporting
substrate, combined to the thermo upper passivation layer;
and a lower supporting substrate, combined to the lower
passivation layer.

In the three-dimensional thermoelectric energy harvester
consistent with the present invention, the first thermoelectric
column and the second thermoelectric column are compactly
arranged through the insulating layer.

In the three-dimensional thermoelectric energy harvester
consistent with the present invention, the first thermoelectric
column and the second thermoelectric column are rectangular
column structures or cylindrical structures.

As a preferred solution of the three-dimensional thermo-
electric energy harvester consistent with the present inven-
tion, the three-dimensional thermoelectric energy harvester
further comprises an electrical and thermal insulating mate-
rial combined around the thermopile.

As a preferred solution of the three-dimensional thermo-
electric energy harvester consistent with the present inven-
tion, the upper supporting substrate and the lower supporting
substrate each comprise a CMOS circuit structure, the upper
passivation layer and the lower passivation layer each have a
contact hole, and the CMOS circuit structures are connected
to the thermopile through the contact holes.

As a preferred solution of the three-dimensional thermo-
electric energy harvester consistent with the present inven-
tion, the first thermoelectric column is made of a BiTe-based
material, a polysilicon material, and metal Cu, Ni or Au, and
the second thermoelectric column is made of a low-resistivity
silicon material.

As described above, the three-dimensional thermoelectric
energy harvester and fabrication method thereof consistent
with the present invention have the following beneficial
effects: Low-resistivity silicon is etched to form a plurality of
grooves and silicon columns between the grooves, and an
insulating layer is formed on a surface of the groove, and
thermoelectric columns are fabricated by using a thin-film
deposition technique, so that the thermoelectric column and a
neighboring silicon column form a thermocouple pair; and
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then, a metal wiring is fabricated by processes such as etching
and deposition, followed by thinning of the substrate and
bonding of the supporting substrates, thereby completing fab-
rication of the three-dimensional thermoelectric energy har-
vester. Compared with a miniature thermoelectric energy har-
vester in the prior art, the present invention has the following
advantages:

1) Fabrication of the thermocouple pair structure is com-
pleted by only one thin-film deposition process, which sim-
plifies the fabrication process.

2) The use of silicon as a component of the thermocouple
pair ensures that the thermocouple has a high Seebeck coef-
ficient.

3) The use of vertical thermocouple pairs having a column
structure improves the mechanical stability of the thermo-
electric energy harvester.

4) Since the thermocouple structure is bonded to the upper
supporting substrate and the lower supporting substrate by
wafer-level bonding, the fabrication efficiency is improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic structural view of a thermoelectric
energy harvester in the prior art.

FIG. 2 to FIG. 3B are respectively schematic structural top
and cross-sectional views of step 1) of a method for fabricat-
ing a three-dimensional thermoelectric energy harvester con-
sistent with the present invention.

FIG. 4A to FIG. 5B are respectively schematic structural
top and cross-sectional views of step 2) of the method for
fabricating a three-dimensional thermoelectric energy har-
vester consistent with the present invention.

FIG. 6A to FIG. 6C are respectively schematic structural
top and cross-sectional views of step 3) of the method for
fabricating a three-dimensional thermoelectric energy har-
vester consistent with the present invention.

FIG. 7 is a schematic structural cross-sectional view of step
4) of the method for fabricating a three-dimensional thermo-
electric energy harvester consistent with the present inven-
tion.

FIG. 8 is a schematic structural cross-sectional view of step
5) of the method for fabricating a three-dimensional thermo-
electric energy harvester consistent with the present inven-
tion.

FIG. 9A to FIG. 9C are respectively schematic structural
top and cross-sectional views of step 6) of the method for
fabricating a three-dimensional thermoelectric energy har-
vester consistent with the present invention.

FIG. 10A and FIG. 10B are respectively schematic struc-
tural top and cross-sectional views of step 7) of the method for
fabricating a three-dimensional thermoelectric energy har-
vester consistent with the present invention.

FIG. 11 is a schematic structural cross-sectional view of
step 8) of the method for fabricating a three-dimensional
thermoelectric energy harvester consistent with the present
invention.

FIG. 12 is a schematic structural cross-sectional view of a
three-dimensional thermoelectric energy harvester consistent
with the present invention when an annular groove is filled
with an electrical and thermal insulating material.

FIG. 13 is a schematic structural cross-sectional view of a
three-dimensional thermoelectric energy harvester consistent
with the present invention when upper and lower supporting
substrates each have a CMOS circuit structure.

FIG. 14 is a schematic structural cross-sectional view of a
three-dimensional thermoelectric energy harvester consistent
with the present invention when an annular groove is filled
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with an electrical and thermal insulating material and upper
and lower supporting substrates each have a CMOS circuit
structure.

LIST OF REFERENCE NUMERALS

101 Silicon substrate

102 Groove

103 Silicon column, first thermoelectric column

104 Insulating layer

105 Thermoelectric column, second thermoelectric col-
umn

106 Upper metal wiring

107 Lower metal wiring

108 Annular groove

109 Electrical and thermal insulating material

111 Upper supporting substrate

112 Lower supporting substrate

113, 114 CMOS circuit structure

115 Contact hole

121 Upper passivation layer

122 Lower passivation layer

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The embodiments of the present invention are described in
the following through specific examples, and one of ordinary
skill in the art can easily understand other advantages and
effects of the present invention according to the content dis-
closed in the specification. The present invention may also be
implemented or applied through other different specific
examples, and various modifications and variations may be
made to the details in the specification on the basis of different
opinions and applications without departing from the prin-
ciple of the present invention.

Reference is made to FIG. 2 to FIG. 14. It should be noted
that, the drawings provided in the embodiment merely exem-
plarily describe a basic concept of the present invention, and
the drawings merely show components related to the present
invention, but are not drawn according to the numbers, shapes
and sizes of components in actual implementation. The
shapes, the numbers and the sizes of the components can be
randomly changed in the actual implementation, and the lay-
out of components may be more complicated.

Embodiment 1

Referring to FIG. 2 to FIG. 11, the present invention pro-
vides a method for fabricating a three-dimensional thermo-
electric energy harvester, which at least includes the follow-
ing steps.

First, as shown in FIG. 2 to FIG. 3B, step 1) is performed,
wherein a silicon substrate 101 is provided, and an upper
surface of the silicon substrate 101 is etched to form a plural-
ity of grooves 102, two neighboring of which are arranged at
an interval, so that the grooves 102 and regions for preparing
silicon columns 103 between the grooves 102 form a thermo-
pile region. In this embodiment, the silicon substrate 101 is a
low-resistivity silicon substrate 101, which has a high See-
beck coefficient and low resistivity, and therefore can ensure
high thermoelectric efficiency when being fabricated into a
thermoelectric column. To ensure a precise process, in this
step, the low-resistivity silicon substrate 101 is polished first,
and then a photolithographic pattern is fabricated on a surface
of the low-resistivity silicon substrate 101, and the low-resis-
tivity silicon substrate 101 is etched to form, in the low-
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resistivity silicon substrate 101, a plurality of grooves 102,
two neighboring of which are arranged at a particular interval.
Considering the process consistency and smoothness, the
groove 102 is a rectangular column structure. Definitely, in
other embodiments, the groove may also be column struc-
tures of other shapes such as a cylindrical structure. The
region for preparing a silicon column 103 is a region sand-
wiched between two opposite sides of the two neighboring
grooves 102 in the low-resistivity silicon substrate 101, and
therefore the silicon column 103 is also a rectangular column
structure. The grooves 102 and the regions for preparing
silicon columns 103 between the grooves 102 form a thermo-
pile region.

Next, as shown in FIG. 4A to FI1G. 5B, step 2) is performed,
wherein an insulating layer 104 is formed on a surface of the
groove 102, and then a thermoelectric material is filled in the
grooves 102 to form a plurality of thermoelectric columns
105, so that the thermoelectric column 105 and silicon in a
neighboring region for preparing a silicon column 103 form a
quasi thermocouple pair. In this embodiment, a SiO, film is
deposited in the groove 102 by chemical vapor deposition or
physical vapor deposition to insulate the surface of the groove
102. Definitely, a material such as Si;N, may also be used to
fabricate a thin-film insulating layer 104. Afterward, a ther-
moelectric material is deposited in the groove 102 by using a
thin-film deposition technique such as chemical vapor depo-
sition or physical vapor deposition. In this embodiment, the
thermoelectric material is a BiTe-based material in order to
ensure high thermoelectric conversion performance. Defi-
nitely, in other embodiments, the thermoelectric material may
be a polysilicon material, and metal Cu, Ni or Au, or the like.
The thermoelectric column 105 and silicon in a neighboring
region for preparing a silicon column 103 form a quasi ther-
mocouple pair.

Then, as shown in FIG. 6 A to FIG. 6C, step 3) is performed,
wherein an upper metal wiring 106 is fabricated to connect
the thermoelectric column 105 and silicon in the region for
preparing a silicon column 103 in a same quasi thermocouple
pair, and then an upper passivation layer 121 is fabricated on
the upper surface of the silicon substrate. In this embodiment,
an upper metal wiring 106 is fabricated on the upper surface
of each quasi thermocouple pair by using photolithography
and deposition techniques, so as to connect the thermoelectric
column 105 and silicon in the region for preparing a silicon
column 103 in each quasi thermocouple pair. Afterward, an
upper passivation layer 121 is fabricated on the upper surface
of the silicon substrate 101 by chemical vapor deposition,
wherein the upper passivation layer is made of Si0,, Si;N, or
the like.

Then, as shown in FIG. 7, step 4) is performed, wherein an
upper supporting substrate 111 is provided, and the upper
supporting substrate 111 is bonded to the upper passivation
layer 121. In this embodiment, the upper supporting substrate
111 has good thermal conduction properties.

Then, as shown in FIG. 8, step 5) is performed, wherein the
silicon substrate 101 is thinned until a lower surface of the
quasi thermocouple pair is exposed. In this embodiment, a
lower surface of the silicon substrate 101 is etched by chemi-
cal corrosion with HF or a mixture of HF and HNO, as an
etching solution, wherein the structure of the insulating layer
104 at the bottom of the groove 102 is etched until the lower
surface of the quasi thermocouple pair is exposed, and the
surface after etching may be polished by mechanical chemi-
cal polishing to prepare for subsequent processes. Definitely,
the silicon substrate 101 may also be thinned by directly using
mechanical chemical polishing.
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Then, as shown in FIG. 9A to F1G. 9C, step 6) is performed,
wherein a lower metal wiring 107 is fabricated to connect the
thermoelectric column 105 and silicon in the region for pre-
paring a silicon column 103 in two neighboring quasi ther-
mocouple pairs, and then a lower passivation layer 122 is
fabricated on a lower surface of the silicon substrate 101. In
this embodiment, the lower metal wiring 107 is fabricated by
using photolithography and deposition techniques, so as to
connect the thermoelectric column 105 and silicon in the
region for preparing a silicon column 103 in two neighboring
quasi thermocouple pairs, that is, the thermoelectric column
105 and silicon in the neighboring region for preparing a
silicon column 103 in two neighboring quasi thermocouple
pairs are connected by the lower metal wiring 107. Afterward,
a lower passivation layer 122 is fabricated on the lower sur-
face of the silicon substrate 101 by a method such as chemical
vapor deposition, wherein the lower passivation layer is made
of' Si0,, Si;N, or the like.

Then, as shown in FIG. 10A and FIG. 10B, step 7) is
performed, wherein the silicon substrate 101 is etched to form
an annular groove 108 in a periphery around the thermopile
region, so as to isolate silicon in the regions for preparing
silicon columns 103 from the silicon substrate 101 to form a
plurality of silicon columns 103, so that the thermoelectric
column 105 and a neighboring silicon column 103 form a
thermocouple pair. In this embodiment, the periphery around
the thermopile region on the surface of the silicon substrate
101 is etched by chemical corrosion with the photolitho-
graphic pattern as a mask, so as to isolate silicon in the regions
for preparing silicon columns 103 from the silicon substrate
101 to form a plurality of silicon columns 103, so that the
thermoelectric column 105 and a neighboring silicon column
103 form a thermocouple pair. That is, the region surrounded
by the annular groove 108 includes the thermoelectric column
105, the silicon column 103, and the insulating layer 104
around the thermoelectric column 105.

Finally, as shown in FIG. 11, step 8) is performed, wherein
a lower supporting substrate 112 is provided, and the lower
supporting substrate 112 is bonded to the lower passivation
layer 122, thereby completing fabrication of the three-dimen-
sional thermoelectric energy harvester. The lower supporting
substrate 112 also has good thermal conduction properties.

Embodiment 2

Referring to FI1G. 2 to FIG. 10B and FI1G. 12, basic steps of
the method for fabricating a three-dimensional thermoelec-
tric energy harvester in this embodiment are as described in
Embodiment 1. To further improve the mechanical stability
and thermoelectric efficiency of a thermopile, the step 7)
further includes a step of filling an electrical and thermal
insulating material 109 in the annular groove 108.

Embodiment 3

Referring to FIG. 2 to FIG. 10B, FIG. 13 and FIG. 14, basic
steps of the method for fabricating a three-dimensional ther-
moelectric energy harvester in this embodiment are as
described in Embodiment 1 or 2. To achieve monolithic inte-
gration of the three-dimensional thermoelectric energy har-
vester consistent with the present invention and a circuit so as
to directly supply power to the circuit on-chip, the method for
fabricating a three-dimensional thermoelectric energy har-
vester consistent with the present invention further includes a
step of fabricating CMOS circuit structures 113 and 114 on
the upper supporting substrate 111 and the lower supporting
substrate 112, wherein the upper passivation layer 121 and the
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lower passivation layer 122 each are etched to form a contact
hole 115, and then metal wires are fabricated through the
contact holes 115 to respectively connect the CMOS circuits
structures and the upper metal wiring and the lower metal
wiring. Afterward, the upper passivation layer 121 and the
lower passivation layer 122 are bonded to the upper support-
ing substrate 111 and the lower supporting substrate 112. In
this embodiment, to completely adopt the CMOS process so
as to reduce the fabrication cost, the filled thermoelectric
material may be replaced with a polysilicon material of a
different doping type from the silicon substrate 101.

Embodiment 4

Referring to FIG. 2 to FIG. 11, basic steps of the method for
fabricating a three-dimensional thermoelectric energy har-
vester in this embodiment are as described in Embodiment 1.
To improve the sensitivity and efficiency of components, in
the method for fabricating a three-dimensional thermoelec-
tric energy harvester consistent with the present invention, the
bonding process in the step 4) is wafer-level hermetic bond-
ing, and the bonding process in the step 8) is wafer-level
vacuum bonding.

Embodiment 5

Referring to FIG. 11, the present invention further provides
a three-dimensional thermoelectric energy harvester, which
at least includes:

a thermopile, including a plurality of thermocouple pairs,
wherein each of the thermocouple pairs is formed by a first
thermoelectric column 103 and a second thermoelectric col-
umn 105. In this embodiment, to improve the integration of
components, the first thermoelectric column and the second
thermoelectric column are compactly arranged through the
insulating layer and to ensure the smoothness of components
and the process consistency, the first thermoelectric column
103 and the second thermoelectric column 105 are rectangu-
lar column structures. Definitely, in other embodiments, the
first thermoelectric column 103 and the second thermoelec-
tric column 105 may also be column structures of other
shapes such as a cylindrical structure. The first thermoelectric
column 103 is made of a BiTe-based material so as to ensure
the thermoelectric conversion efficiency of the thermocouple.
Definitely, in other embodiments, the first thermoelectric col-
umn 103 may also be made of a polysilicon material, or metal
Cu, Ni or Au, or other thermoelectric materials. The second
thermoelectric column 105 is made of a low-resistivity silicon
material, which has a high Seebeck coefficient and low resis-
tivity, and therefore can ensure high thermoelectric efficiency
when being fabricated into a thermoelectric column. The
thermopile further includes an insulating layer 104, com-
bined between the first thermoelectric column 103 and the
second thermoelectric column 105 and between the thermo-
couple pairs, to insulate the first thermoelectric column 103
and the second thermoelectric column 105 in a same thermo-
couple pair, and to insulate two neighboring thermocouple
pairs.

The thermopile further includes an upper metal wiring 106
and a lower metal wiring 107. The upper metal wiring 106 is
connected to upper surfaces of the first thermoelectric column
103 and the second thermoelectric column 105 in a same
thermocouple pair, and the lower metal wiring 107 is con-
nected to lower surfaces of the first thermoelectric column
103 and the second thermoelectric column 105 in two neigh-
boring thermocouple pairs.
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The three-dimensional thermoelectric energy harvester
further comprises passivation layers, including an upper pas-
sivation layer 121 combined to an upper surface of the ther-
mopile and a lower passivation layer 122 combined to a lower
surface of the thermopile. The upper passivation layer and the
lower passivation layer have thicknesses greater than those of
the upper metal wiring 106 and the lower metal wiring 107,
and are made of Si0,, Si;N,, or the like.

The three-dimensional thermoelectric energy harvester
further includes supporting substrates, including an upper
supporting substrate 111 combined to the upper passivation
layer 121 and a lower supporting substrate 112 combined to
the lower passivation layer 122. Both the upper supporting
substrate 111 and the lower supporting substrate 111 have
good thermal conduction properties.

Embodiment 6

Referring to FIG. 12, the basic structure of the three-di-
mensional thermoelectric energy harvester in this embodi-
ment is as described in Embodiment 5. To further improve the
mechanical stability and thermoelectric efficiency of the ther-
mopile, the three-dimensional thermoelectric energy har-
vester further includes an electrical and thermal insulating
material 109 combined around the thermopile.

Embodiment 7

Referring to FIG. 13 and FIG. 14, the basic structure of the
three-dimensional thermoelectric energy harvester in this
embodiment is as described in Embodiment 5 or 6. To achieve
monolithic integration of the three-dimensional thermoelec-
tric energy harvester consistent with the present invention and
a circuit so as to directly supply power to the circuit on-chip,
in the three-dimensional thermoelectric energy harvester of
this embodiment, the upper supporting substrate 111 includes
a CMOS circuit structure 113 and the lower supporting sub-
strate 112 includes a CMOS circuit structure 114, and the
upper passivation layer 121 and the lower passivation layer
122 each have a contact hole 115, and the CMOS circuit
structures 113 and 114 are connected to the thermopile
through the contact holes 115.

Embodiment 8

Referring to FIG. 11, the basic structure of the three-di-
mensional thermoelectric energy harvester in this embodi-
ment is as described in Embodiment 5. To improve the sen-
sitivity and efficiency of device, in the three-dimensional
thermoelectric energy harvester consistent with the present
invention, the annular groove 108 is vacuum or has a rela-
tively low air pressure.

In summary, in the three-dimensional thermoelectric
energy harvester and fabrication method thereof consistent
with the present invention, low-resistivity silicon substrate is
etched to form a plurality of grooves and silicon columns
between the grooves, and an insulating layer is formed on a
surface of the groove, and thermoelectric columns are fabri-
cated by using a thin-film deposition technique, so that the
thermoelectric column and a neighboring silicon column
form a thermocouple pair; and then, a metal wiring is fabri-
cated by processes such as etching and deposition, followed
by thinning of the substrate and bonding of the supporting
substrates, thereby completing fabrication of the three-di-
mensional thermoelectric energy harvester. Compared with a
miniature thermoelectric energy harvester in the prior art, the
present invention has the following advantages:
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1) Fabrication of the thermocouple pair structure is com-
pleted by only one thin-film deposition process, which sim-
plifies the fabrication process.

2) The use of silicon as a component of the thermocouple
pair ensures that the thermocouple has a high Seebeck coef-
ficient.

3) The use of vertical thermocouple pairs having a column
structure improves the mechanical stability of the thermo-
electric energy harvester.

4) Since the thermocouple structure is bonded to the upper
supporting substrate and the lower supporting substrate by
wafer-level bonding, the fabrication efficiency is improved.

Therefore, the present invention effectively overcomes the
disadvantages in the prior art, and has high industrial appli-
cability.

The above description of the detailed embodiments is only
to illustrate the preferred implementation according to the
present invention, and it is not to limit the scope of the present
invention. Accordingly, all modifications and variations com-
pleted by one of ordinary skill in the art should fall within the
scope of the present invention defined by the appended
claims.

What is claimed is:

1. A method for fabricating a three-dimensional thermo-
electric energy harvester, at least comprising:

1) providing a silicon substrate, and etching an upper sur-
face of the silicon substrate to form a plurality of
grooves, two neighboring of which are arranged at an
interval, so that the grooves and regions for preparing
silicon columns between the grooves form a thermopile
region;

2) forming an insulating layer on a surface of the groove,
and then filling a thermoelectric material in the grooves
to form a plurality of thermoelectric columns, so that the
thermoelectric column and silicon in a neighboring
region for preparing a silicon column form a quasi ther-
mocouple pair;

3) fabricating an upper metal wiring to connect the ther-
moelectric column and silicon in the region for prepar-
ing a silicon column in a same quasi thermocouple pair,
and then fabricating an upper passivation layer on the
upper surface of the silicon substrate;

4) providing an upper supporting substrate, and bonding
the upper supporting substrate to the upper passivation
layer;

5) thinning the silicon substrate until a lower surface ofthe
quasi thermocouple pair is exposed;

6) fabricating a lower metal wiring to connect the thermo-
electric column and silicon in the region for preparing a
silicon column in two neighboring quasi thermocouple
pairs, and then fabricating a lower passivation layer on a
lower surface of the silicon substrate;

7) etching the silicon substrate to form an annular groove in
aperiphery around the thermopile region, so as to isolate
silicon in the regions for preparing silicon columns from
the silicon substrate to form a plurality of silicon col-
umns, so that the thermoelectric column and a neighbor-
ing silicon column form a thermocouple pair; and

8) providing a lower supporting substrate, and bonding the
lower supporting substrate to the lower passivation
layer, thereby completing fabrication of the three-di-
mensional thermoelectric energy harvester.

2. The method for fabricating a three-dimensional thermo-
electric energy harvester as in claim 1, wherein the thermo-
electric column and the silicon column are rectangular col-
umn structures or cylindrical structures.
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3. The method for fabricating a three-dimensional thermo-
electric energy harvester as in claim 1, wherein the step 7)
further comprises a step of filling an electrical and thermal
insulating material in the annular groove.

4. The method for fabricating a three-dimensional thermo-
electric energy harvester as in claim 1, wherein the bonding
process in the step 4) is wafer-level hermetic bonding and the
bonding process in the step 8) is wafer-level vacuum bonding.

5. The method for fabricating a three-dimensional thermo-
electric energy harvester as in claim 1, wherein the upper
supporting substrate and the lower supporting substrate each
comprise a CMOS circuit structure, the upper passivation
layer and the lower passivation layer each are etched to form
a contact hole, and the CMOS circuit structures are connected
to the upper metal wiring and the lower metal wiring through
the contact holes.

6. The method for fabricating a three-dimensional thermo-
electric energy harvester as in claim 1, wherein the thermo-
electric column is made of a BiTe-based material, a polysili-
con material, and metal Cu, Ni or Au, and the silicon substrate
is a low-resistivity silicon wafer.
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